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Abstract: Using a driving simulator, the effects of Chinese
chevrons on drivers’ actual and perceived safe speeds at
horizontal curves on two-lane rural highways are tested.
Twelve horizontal curves with different roadway geometries
are designed and used as the simulated scenarios. The results
show that, regardless of the curve radius,
horizontal curves provide advance warning and speed control
for vehicles on the nearside of chevrons. Besides, chevrons
can be used as an addition to speed limit signs in preventing
therefore, can
contribute to a reduction in run-off-road crashes. Moreover,

chevrons at

excessive speed at horizontal curves and,

Chinese chevrons can also serve to provide an improved sense
of safety while driving around sharp curves. These study
results lay a foundation for setting Chinese chevrons more
reasonably.
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driving simulator

he chevron alignment sign is an important element of
Tcurve delineation devices,

purposes. First, it allows for better visibility when ap-
proaching a curve and provides positive guidance while
navigating through it. Secondly, properly spaced chev-
rons can be helpful in encouraging drivers to reduce their
speed going into and through a curve'".

Unlike in other countries, the chevron alignment sign
in China is a vertical rectangle with a white arrow and
border on a blue background; more detailed information
about the chevron in China has been given in another pa-
per by Wu et al'”. Moreover, the effect of Chinese chev-
ron alignment signs on driving behavior has rarely been
studied in the past, and the guidance for setting chevrons
is too vague, offering no clear and specific requirements
for using chevrons under various traffic, roadway and en-

and it serves two main
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vironmental conditions” ™.

Although the effectiveness of
chevrons has been studied thoroughly in the US”™ and
the guidelines for setting chevrons are also clearly stated
in the Manual on Uniform Traffic Control Devices
(MUTCD) "™, these study results and guidelines in the
American MUTCD might not be directly transferrable to
China due to the differing chevron design as well as the
unique characteristics of the Chinese driving population.
Therefore, the goals of this research sponsored by the
Beijing Traffic Management Bureau was to thoroughly an-
alyze the effects of Chinese chevron alignment signs on
driving behavior and then develop a set of practical and
optimal design criteria for implementing chevrons on Chi-
nese highways.

As a pilot study, the effect of Chinese chevrons on
drivers’ eye movements, driving performance ( steering,
braking and releasing the accelerator), vehicle operations
(speed and lateral placement) and stress in a given road
condition has been analyzed[z‘ aq Additionally, chevrons’
influence on driver stress in different horizontal curves
was also discussed”'. However, it is still unclear wheth-
er the geometric design features of horizontal curves play
a role in determining the effects of chevrons on drivers’
speed choice. Thus, in the current study, two important
roadway geometric conditions of horizontal curves, curve
radius and curve direction, were considered and con-
trolled. This study was intended to lay a foundation for
developing guidelines for implementing chevrons in dif-
ferent horizontal curves. In this paper, we discuss the
effect of chevrons on drivers’ speed (longitudinal control)
in depth.

1 Experimental Design and Methods

1.1 Participants selection

36 healthy male drivers with a Chinese driver’s license
Type B, an age range of 20 to 34 years (average (Av) =
24.8, standard deviation (SD) =3.66) and having 2 to 8
years (Av =3.4, SD =1.63) driving experience were re-
cruited by announcement in this experiment. All partici-
pants provided written informed consent before joining in
the experiment.

To explain briefly, the homogeneous sample of sub-
jects selected intends to minimize bias attributable to sam-
ple heterogeneity, as the previous study demonstrated that
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driving performance was mostly affected by age and gen-

[11]

der' ', and female drivers were far fewer than male in

China. Meanwhile, due to the high requirement for re-
it is common for simulator studies to have a

. 7, 11-12
small sample size'” "™,

sources,

1.2 Experimental equipment

The driving simulator experiment was performed by
using the fixed-base driving simulator in the Beijing Key
Laboratory of Traffic Engineering, Beijing University of
Technology. The hardware of this simulator consists of a
renovated real car, computers,
equipment. The road scenario is projected onto three big
screens, providing the driver with a 130° wide-angle field
of view. This simulator records the actions of drivers in
the vehicle and parameters that describe the vehicle oper-
ating conditions at a frequency of 30 times/s. The data of
drivers’ actions collected by this simulator primarily in-
cludes steering wheel angle,

and video and audio

steering wheel velocity,
throttle input, and brake pedal force; the data of vehicle
operations includes longitudinal and lateral acceleration,
longitudinal and lateral velocity, lateral lane position and
distance traveled.

Moreover, the validation of this simulator has been tes-
tified in previous works. Until now, a total of 200 drivers
who participated in previous driving simulator studies
were used to evaluate the validation of this driving simu-
lator through questionnaires. The average score in terms
of an authentic sense of speed perception while driving in
the simulator reached 7.7 (1—not real at all; 10—very
real). Moreover, we also validated the effectiveness of
the driving simulator for travel speed in curves paved with
chevrons. Sifang Interchange of the Fourth Ring Road in
Beijing was selected as the study site. The results indicate
that the speed variation trend in the curves paved with
chevrons was highly similar to the trend in the real road
environment!"",
be a valuable research tool for speed-related studies.

Thus, this driving simulator appears to

1.3 Experimental scenarios development

The road in the simulated scenario was a two-lane rural
undivided highway with one lane in each direction, and
each lane measuring 3.75 m in width. Both of the shoul-
ders in each direction are 0. 75 m. The two lanes are sep-
arated by a dot yellow line in straight segments and a sol-
id yellow line in curves. In order to eliminate interference
from confounding factors on the experimental data, the
terrain surrounding all the sections is made flat and uni-
form, and there are no other vehicles present during the
entire scenario. The scenario is simulated for daytime
driving.

Horizontal curves in the simulated scenario are de-
signed to combine chevron presence ( with or without),
curve radius (sharp, moderate, or flat) and curve direc-

tion (left or right). Thus, all participants experienced 12
different horizontal curves during the whole experiment.
Fig. 1 displays some examples of the horizontal curves
with the combination of these three factors. To limit the
effects of previous curve geometry on the following
curve, after our tests in the simulator, the simulated road
was designed so that the two horizontal curves are separa-
ted by one straight section, and the length of the straight
section is about 800 to 1 000 m.

Driving direction

Driving direction

(o) (d)

Fig.1 Screen shot pictures of scenarios. (a) Left sharp curve
without chevrons; (b) Left sharp curve with chevrons; (c¢) Right mod-
erate curve with chevrons; (d) Left flat curve without chevrons

According to the Design Specification for Highway
Alignment in China""', the design speed of 60 km/h for
a 125 m radius was set for the sharp curve in this experi-
ment, and the design speeds of 80 km/h for a radius be-
tween 400 and 1 000 m were set for the moderate curve
and the flat curve, respectively. There was no superele-
vation, spiral transitions or grade designed for each
curve. The length of each curve was designed for the
driving time lasting 5 s based on the design speed. Chev-
rons were placed evenly around the outside edge of the
horizontal curves with a spacing of 12 m from the point of
the curve to the point of the tangent.

To minimize the confounding influence of other traffic
control devices on driver speed and to urge drivers to rely
solely on chevrons when negotiating curves,
warning signs and edge lines for both directions were
omitted in the experiment. A speed limit sign of 80 km/h
was placed at each tangent segment, which was 200 m
away from the point of the tangent. Therefore, we could
ensure that participants maintain their speed at a reasona-
ble level, because too many run-off-road crashes caused
by speeding will invalidate our experimental data.

advance

1.4 Experimental procedure

The experiment included three parts: a test drive in the
simulator, a before-drive questionnaire, and a main drive
through the designed scenarios. During a drive in the
simulator, each participant was asked to stay in the right
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lane only and maintain a comfortable, reasonable and safe
speed according to the road conditions.

All participants took a test drive to become familiar
with the simulator’s steering and braking dynamics. An-
other purpose of the test drive was to allow participants to
become familiar with the manipulating behavior needed
on horizontal curves, especially on the sharp ones. The
road used for the test drive was another rural highway
with various horizontal curves but different from the road
Throughout the test
no chevrons were used. The time for each

scenes used for the main drive.
drive,
participant’s test drive was 3 to 5 min, depending on his
driving speed.

Before the main drive, all participants were screened
using a before-drive questionnaire to collect information
about their age, profession and driving experience, to in-
quire if they had any health issues that would affect driv-
ing, and whether they were under the influence of drugs,
stimulating food or alcoholic beverages.

For the main drive, each participant took about 10 min
to complete the driving tasks in the simulator. During the
entire experiment, the operator sat in the front passenger
seat of the car to record the safe driving speed evaluated
by participants. After passing through a horizontal curve
and entering into the tangent section for a little while, the
operator would remind participants to report which speed
they evaluated to be safe for the curve just passed
through. The process lasted about 5 s and no additional
cognitive task influenced driving performance along
curves after our repeated tests. It is worth noting that the
speedometer was invisible to the subject during the exper-
iment because Green et al. '™ found no effect of lane
width or sight distance on the average speed when the
speedometer was visible to drivers during their experi-
ment.

2 Effects of Chevrons on Actual Speed

After removing the invalid data due to simulation sick-
ness and anomalous values, the data from 30 samples was
used in the following analysis. First, it was determined
whether the starting situation for curves with chevrons and
curves without chevrons was the same. We set a control
point (CP) 400 m in advance of the point of curve. At
the CP, any treatment for the curves was not present or
visible. An analysis of variance with repeated measures
(RANOVA) was used to determine whether there was a
significant difference between the speed at the CP when
chevrons were present and absent. The result revealed no
statistically significant effect of chevron presence on driv-
ing speeds (F, ,, =1.869, p=0.154). Thus, the treat-
ment order effect between curves with and without chev-
rons did not exist.

2.1 Average speed

The actual average speed used in this study was calcu-

lated from the point of curve to the point of tangent. The
method of RANOVA was employed to examine the effect
of chevrons on the mean driving speed. The results show
a significant main effect of chevrons on the average speed
(F 0 =16.357; p<0.001), and the average speed
when chevrons were present ( Av =66. 86 km/h; SD =
1.20) was lower than that when chevrons were absent
(Av =69.89 km/h; SD=1.07).

The effect of roadway geometries on average driving
speed was also examined. In this case, we found a signif-
icant main effect of curve radius on average speed (F, g,
=114.083; p <0.001). A contrast analysis revealed that
the average speed was positively correlated with the curve
radius: the average speed increased from 55.42 km/h on
the sharp curve to 70. 92 km/h on the moderate curve,
and to 79.42 km/h on the flat curve. No main effect was
found for the curve direction factor (F, ,, =0.209; p =
0.648).

The RANOVA also revealed a significant interaction
between chevron presence and curve direction (F, ,, =
6.644; p=0.011), as shown in Fig.2(a). On leftward
curves, the average speed was lower when chevrons were
present than that when chevrons were absent; when driv-
ing in rightward curves, the effect of chevrons was mini-
mal and the average speed remained relatively constant.
No significant interaction was found between chevron
presence and curve radius (F, i, =0.615; p =0.542),
as presented in Fig. 2(b). On one hand, drivers are more
likely to increase their speed as the radius becomes lar-
ger, regardless of whether chevrons are present. On the
other hand, when chevrons are present, the actual aver-
age speed is always lower than that without chevrons.
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Fig.2 Effects of chevron presence and roadway geometries on
actual average speed. (a) The effect of chevron presence and curve
direction; (b) The effect of chevron presence and curve radius
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Therefore, these results indicate that chevron alignment
signs did encourage drivers to reduce their speeds at left
curves. Besides, no main effects of curve direction were
found for the actual average speeds, but the curve direc-
tion did affect the function of chevrons on reducing actual
speeds. In the current study, chevrons were always
placed outside of horizontal curves and participants were
required to remain in the right lane during the entire driv-
ing simulation. Thus, when driving in left curves, chev-
rons were near drivers and participants drove at a lower
speed in the presence of chevrons than that without chev-
rons; while driving in right curves, chevrons were farther
away from drivers and the speeds did not seem to be sen-
sitive to the presence of chevrons. These findings illus-
trate that chevrons were more effective for driving in the
lane near the outside of curves, and thus, for highway
safety engineering, optimal placement of chevrons needs
to be further explored in future research.

2.2 Speeds at key points

Since the effect of chevrons on driving speeds may be
different at different locations along the curves, the aver-
age speed at four key points ( see Fig. 3(a)) for each
curve, combined with the factor of chevron presence,
was calculated, as presented in Fig. 3(b). The point of
curve (PC) and the point of tangent (PT) are the begin-
ning and ending points of the curve, respectively. The
approach of curve (AC) was a point placed 300 m in ad-
vance of PC on the straight segment. MC is the middle of
curve. As shown in Fig.3(b), the average speed at every
key point when chevrons were present was always lower
than that when chevrons were absent. In addition, the
biggest difference in speeds between curves with and
without chevrons was reached at the MC.

RANOVA was used to examine the main effect of
chevron presence, the interaction between chevron pres-
ence and curve radius, and the interaction between chev-
ron presence and curve direction. As presented in Tab. 1,

the results reveal a significant main effect of chevron
presence on driving speeds at the key points of AC, MC,
and PT, respectively. However, no main effect of chev-
ron presence was found for the average speed at the PC.

Results of RANOVA also show a significant interaction
between chevron presence and curve direction at the MC.
Similar to the results of the average speed, the driving
speed at the MC was significantly lower in the presence of
chevrons for left curves but remained about the same for
right curves. No other interaction was found for the re-
maining key points.

100 m 300 m

CP AC

CP -Control point

AC-Approach of curve
PC -Point of curve(the beginning point of horizontal curve) =
MC- Middle of curve

PT -Pointof tangent ( the ending point of horizontal cure)
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Fig.3 Effects of chevron presence on actual average speed at
four key points of horizontal curves. (a) The key points on the hor-
izontal curves (not to scale); (b) The actual average speed at four key
points on horizontal curves

Tab.1 Results of RANOVA for driving speeds at each key point of curves

Interactions between chevrons

Main effects of chevrons

Interactions between chevrons

Key point and cure radius and cure direction
F 1,29 P Fa 58 P F1,29) P
AC 6.000 0.015" 0.202 0.817 0.598 0.440
PC 1.969 0.162 1.714 0.183 1.966 0.163
MC 22.769 0.001 * 0.132 0.876 6.579 0.011°"
PT 16.342 0.001 * 2.673 0.074 6.023 0.879

* The significance level is 0. 05.

2.3 The 85th percentile speed

The 85th percentile speed is commonly used as the ref-
erence for establishing roadway speed limits on highways
in China"”. In this case, we found that the 85th percen-
tile speed was 75.24 km/h when chevrons were absent,
and it dropped to 72.42 km/h when chevrons were pres-

ent. With the curve radius factor, it followed the same
trend of the average speed: the 85th percentile speed in-
creased from 61. 91 km/h at the sharp curve to 76. 34
km/h at the moderate curve, and to 83.24 km/h at the
flat curve. The 85th percentile speed was 73.22 km/h in
left curves and 74.44 km/h in right curves.

In addition, similar to the results of the average speed



416

Wu Yiping, Zhao Xiaohua, Rong Jian, and Ma Jianming

analysis, the 85th percentile speed was lower when driv-
ing in left curves with chevrons than in left curves without
chevrons; the effect of chevrons on right side curves is
negligible. Besides, regardless of whether chevrons were
present or not, the 85th percentile speed was the highest
when driving around flat curves, medium in moderate
curves, and the lowest in sharp curves. When chevrons
were present, the 85th percentile speed was always lower
than that without chevrons. As a result, chevron align-
ment signs may help reduce run-off-road crashes since
drivers’ excessive speed is the primary reason for such
crashes on horizontal curves.

3 Effects of Chevrons on Perceived Safe Speed

RANOVA was also applied to reveal the influence of
chevron alignment signs on drivers’ perceived safe speed.
However, in contrast to the results of actual speeds, no
significant main effect was found for the chevron presence
factor (F, ,, =0.210; p=0.647), and the average per-
ceived speeds in curves with and without chevrons are
55.31 and 55.59 m/h, respectively. There was a signifi-
cant main effect for curve radius factor ( F, g,
157.363; p <0.001), and the average perceived safe
speed increased from 41. 25 km/h with the sharp curve to
56.31 km/h with the moderate curve, and to 68.79 m/h
with the flat curve. No significant main effect of curve
direction factor was found (F, ,,, =1.705; p=0.193).

In addition, no significant interaction effect on per-
ceived safe speed was found between chevron presence
and curve direction (F ,, =1.705; p =0.193), as
shown in Fig.4(a). For both left and right curves, the
average perceived safe speed stays relatively constant
whether chevrons are present or not. However, the
RANOVA revealed a significant interaction between chev-
ron presence and curve radius on perceived safe speed
(F,5 =6.551; p=0.002), as presented in Fig. 4(b).
Consistent with the actual speed results, drivers increased
their perceived safe speed as the radius became larger, re-
gardless of the presence of chevrons. Different from the
actual speed results, drivers’ perceived safe speed with
the presence of chevrons is lower than that when chevrons
were absent in flat curves, but almost identical in moder-
ate curves and even higher in sharp curves.

Hence, chevrons did not seem to bring a reduction in
perceived safe speeds for either right or left curves. How-
ever, chevrons might have an opposite impact on drivers’
perceived safe speed when combined with different curve
radii. In sharp curves, it is difficult for participants to
know the exact alignment of the curve without an addi-
tional topological reference. As chevrons define the direc-
tion and sharpness of the curve and provide positive guid-
ance while negotiating the curve, the chevron sign might
enhance a driver’s sense of safety; the driver might there-
fore perceive a higher safe speed in the presence of chev-
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Fig.4 Effects of chevron presence and roadway geometries on
perceived safe speed. (a) The effect of chevron presence and curve
direction; (b) The effect of chevron presence and curve radius

rons. In contrast, drivers’ perceived safe speeds did not
seem to be sensitive to the presence of chevrons for flat
curves because drivers can more easily figure out the road-
way alignment for flat curves. Another explanation for the
effect of chevrons on drivers’ perceived safe speeds is that
due to a lack of guidelines, chevrons have been installed at
horizontal curves regardless of their sharpness. In this situ-
ation, chevrons fail to convey to drivers the information
about the sharpness of the curves. Therefore, chevrons
provided a false sense of safety to drivers, which results in
a greater difference in drivers’ perceived safe speeds (with
chevrons vs. without chevrons) for sharp curves.

4 Conclusions

Based on a driving simulator experiment, the main con-
tribution of this study is the combined effects of the chev-
ron presence factor and curve geometry feature on drivers’
actual speed and perceived safe speed. More detailed find-
ings are described as below:

1) A significant main effect of chevrons on actual aver-
age speed was found; the function of chevrons on speed
reduction was not significantly affected by curve radius,
but it was considerably affected by curve direction. Addi-
tionally, the speed reduction caused by chevrons is always
present at the approach of curve, the middle of curve and
the point of tangent. Hence, regardless of the curve radi-
us, placing chevrons close to the driving direction at hori-
zontal curves can help to reduce the speeds of drivers ap-
proaching and navigating through curves.

2) We also found a significant reduction of the 85th per-
centile speeds caused by the chevrons, which suggests that
chevron alignment signs appear to be a good addition to
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other warning signs (e. g., one-direction large horizontal
arrow signs) in preventing excessive speed on horizontal
curves; they, therefore, can contribute to a reduction in
run-off-road crashes when driving in the lane near the out-
side of curves.

3) Chevrons made drivers evaluate a higher safe speed
for sharp curves compared with the absence of chevrons.
Chinese chevrons can serve to enhance drivers’ sense of
safety while driving in sharp curves.
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